Antioxidant properties (AOP) of leaves and teas of Morus alba L., Lagerstroemia speciosa (L.) Pers. and Thunbergia laurifolia Lindl. as affected by microwave, oven and freeze drying were assessed. Total phenolic content (TPC), radical scavenging ability expressed as ascorbic acid equivalent capacity (AEAC) and ferric reducing power (FRP) were screened using the Folin--Ciocalteu, 2,2-diphenyl-1-picrylhydrazyl (DPPH) and potassium ferricyanide assays, respectively. The effects of particle size were also investigated. Microwave drying resulted in enhanced AOP in M. alba and T. laurifolia. Oven drying resulted in declined AOP in T. laurifolia, with M. alba and L. speciosa relatively unchanged. Significant increase in AOP was observed in freeze-dried leaves of M. alba with L. speciosa and T. laurifolia showing no change or slight increase. TPC, AEAC and FRP of ground microwave-, oven-and freeze-dried leaves of M. alba extracted with 50% methanol were significantly higher than shredded leaves. For tea infusions extracted with hot water, three categories were recognised, i.e., species with shredded leaves yielding stronger AOP (M. alba), species with ground leaves yielding stronger AOP (L. speciosa), and species with ground and shredded leaves yielding comparable AOP (T. laurifolia).
Herbal remedies are often consumed in the form of tea, an infusion of dried leaves or other plant parts, steeped in boiling water [1, 2] . Herbal teas have been gaining popularity as consumers believe that they are natural, safe and can promote health and assuage illness [3] . These teas are considered an important alternative source of antioxidants in addition to fruits and vegetables [4] . They are often classified based on their therapeutic actions [5] , but their use is not widely advocated by modern medicine as their modes of action and effectiveness are not evidence-based or scientifically-proven [6] . Except for herbs of the family Labiatae, the chemistry and pharmacology of many herbal tea plants are still poorly studied. Baseline information on their pharmacological properties would set the platform for more in-depth research.
Drying of fruits, vegetables and herbs remains an important method of food preservation. It reduces the moisture content of food to a level that allows safe storage over an extended period, and prevents the growth of mould and fungi and thus minimising microbial degradation [7, 8] . It brings about substantial reduction in weight and volume, and in packaging, storage and transportation costs. In the production of herbal teas, the drying process may affect antioxidant properties (AOP), and nutritional and physical quality of the herbs. Drying methods can be thermal (e.g., sun, oven and microwave drying) or non-thermal (e.g., air and freeze drying). There is increasing interest in the development of new and more efficient drying methods. The ideal drying method would depend on the herbal product of interest, whether cost or quality is a priority for consumer acceptance.
Although extensive research has been conducted on AOP of teas of Camellia sinensis, herbal teas are much less studied with the exception of a few studies [9] [10] . The effects of drying methods on AOP of herbal teas are poorly studied. In this study, AOP of leaves and teas of three species as affected by microwave, oven and freeze drying were assessed using three different antioxidant assays. Moisture loss and water activity of the various dried samples were determined. The effects of particle size on the AOP of ground and shredded tea infusions were also investigated.
EXPERIMENTAL

Species studied
The three Malaysian species studied were Morus alba L. (Moraceae), Lagerstroemia speciosa (L.) Pers. (Lythraceae) and Thunbergia laurifolia Lindl.
(Thunbergiaceae). The locations for sampling of leaves of the species were: L. speciosa (Taman Connaught in Cheras, Kuala Lumpur), M. alba (Damansara Utama in Petaling Jaya) and T. laurifolia (Bandar Sri Menjalara in Kepong).
Extraction
The effects of different drying methods on AOP of leaves were assessed. Fresh leaves (1 g) were powdered with liquid nitrogen in a mortar and extracted with 50 ml of 50% aqueous methanol. Extracts were filtered under suction and stored at 4 °C for analyses which were conducted within a week of extraction. To determine the effects of particle size, AOP of extracts from ground and shredded leaves were compared. Sampled leaves were cleaned, shredded into 2 mm strips with a pasta maker (GCH Retail, Malaysia) and mixed well to minimise heterogeneity of samples.
Hot water was used to extract teas infusions. Dried leaves (0.6 g) were extracted using 100 ml of boiling water (100 °C) with continuous shaking (150 rpm) for 1 h. The boiling water was allowed to cool throughout the period to mimic tea brewing. Extracts were then filtered and stored at 4 °C for further analysis. To determine the effects of particle size, AOP of extracts from ground and shredded tea infusions were also investigated.
Drying methods
Shredded leaf samples were divided into batches and subjected to thermal treatments of microwave drying and oven drying, and non-thermal treatment of freeze drying. Microwave drying involved drying 12 g of leaves placed in the centre of the turntable of a microwave oven (Sharp R-397JS, 230-240 V, 50 Hz, Malaysia) for 1.5 min. Oven drying involved drying 15 g of leaves placed in stackable baskets inside a universal oven (Memmert UFB500, Germany) for 3 h at 50 °C with the vent restrictor flap open. Baskets were positioned in front of the fan to allow for good air circulation. Freeze drying involved drying 30 g of leaves in 500 ml Florentine flasks (Favorit, Malaysia) using a freeze dryer (Martin Christ-Alpha 1-4 LD plus, Germany) for 5 h, at less than 1.0 mbar pressure and ice condenser at -40 °C. The flasks provide uniform heat transfer from the surrounding laboratory environment with ambient temperature of 24 °C to the samples for sublimation. All dried leaves were vacuum-packed (Vacuum Packager -DZQ400/500, China) and kept in a freezer at -20 °C for further analysis. For each species, the different drying methods were all conducted on the same day. One batch of fresh leaves was extracted as control for comparison with dried leaves.
Moisture loss and water activity
Moisture loss (%) of microwave-, oven-and freeze-dried leaves was determined by weighing fresh and dried leaves. Water activity of the dried leaves was measured using a water activity meter (Masteraw, Navasina Lab, Switzerland).
Antioxidant assays
Total phenolic content (TPC) was determined using the Folin-Ciocalteu (FC) assay [11, 12] . Samples (300 ml, in triplicate) were introduced into test tubes followed by 1.5 ml of FC reagent (10 times dilution) and 1.2 ml of sodium carbonate (7.5%, w/v). The tubes were allowed to stand for 30 min before absorbance at 765 nm was measured. TPC was expressed as mg gallic acid equivalent (GAE)/100 g of sample. The calibration equation for gallic acid (GA) was y = 0.0111x -0.0148 (R 2 = 0.9998), where y is the absorbance and x is the GA concentration in mg/l.
Radical scavenging activity (RSA) was assessed using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay [11, 12] . Different dilutions of extracts (1 ml) were added to 2 ml of DPPH (5.9 mg per 100 ml methanol). As RSA was calculated using IC 50 , different dilutions of extracts were necessary to give a range of concentrations to ensure that the DPPH scavenging curve passed through 50%. After 30 min, absorbance was measured at 517 nm. RSA was expressed as ascorbic acid equivalent antioxidant capacity (AEAC) in mg ascorbic acid (AA)/100 g and calculated as 10 5 ×IC 50 (AA)/IC 50 (extract). IC 50 of ascorbic acid was 0.00387 mg/ml. Ferric reducing power (FRP) was measured using the potassium ferricyanide assay [11, 12] . Different dilutions of extracts (1 ml) were added to 2.5 ml phosphate buffer (0.2 M, pH 6.6) and 2.5 ml of potassium ferricyanide (1%, w/v). Different dilutions of extracts were used to obtain a curve of absorbance against concentration. The gallic acid equivalent (GAE) was calculated by comparing the slope of this curve with that of gallic acid. Care was taken to ensure that absorbance did not exceed 0.7 as high concentrations would cause precipitation of the Prussian blue (ferric ferrocyanide) complex. The mixture was incubated at 50 °C for 20 min. After adding trichloroacetic acid solution (2.5 ml, 10%, w/v), the mixture was separated into aliquots of 2.5 ml, and diluted with 2.5 ml of water. To each diluted aliquot, 500 ml of ferric chloride solution (0.1%, w/v) was added. After 30 min, absorbance was measured at 700 nm. FRP of extracts was expressed as mg GAE/100 g. The calibration equation for gallic acid was y = 16.767x (R 2 = = 0.9974), where y is the absorbance and x is the GA concentration in mg/ml.
Data analysis
All antioxidant analyses were conducted in triplicate and results were expressed as mean ± standard deviation. Analysis of variance (ANOVA) was done using Tukey's Honestly Significant Difference (HSD) test at P < 0.05.
AOP of fresh leaves were analysed in terms of fresh weight as they were not subjected to any drying treatments. For comparison, the fresh weight equivalent of dried samples was calculated from the moisture loss. AOP of ground and shredded dried leaves and tea infusions were analysed in terms of dry weight.
RESULTS AND DISCUSSION
Effects of thermal drying
Moisture loss (%), water activity, and AOP of microwave-and oven-dried leaves of M. alba, L. speciosa and T. laurifolia with comparisons to fresh leaves are shown in Table 1 . Moisture loss was 61-79% and 63-79%, and water activity was 0.41-0.65 and 0.23--0.54 for microwave drying and oven drying, respectively.
Microwave drying resulted in significant increase in the AOP of leaves of M. alba and T. laurifolia. Increase in TPC, AEAC and FRP was 20, 48 and 23%
for M. alba, and increase in TPC and AEAC was 25 and 40% for T. laurifolia, respectively. In contrast, microwave-dried leaves of L. speciosa showed significant declines of 15, 41 and 38% in TPC, AEAC and FRP, respectively. An earlier study on the effects of microwave drying on leaves of T. laurifolia using the half-leaf test has been reported [13] . The half-leaf test was specifically designed to verify whether microwave treatment does indeed increase antioxidant activity. Fresh leaves were cut in half along the central vein. One half was microwave-dried for 4 min while the other half was retained as control. The half leaves were weighed before and after drying. This would effectively rule out inter-leaf variation. Results based on two leaves showed an increase of 41 and 50% in TPC and AEAC for the first leaf, and an increase of 38 and 51% for the second leaf, respectively. Table 1 . Moisture loss, water activity and antioxidant properties of microwave-, oven-and freeze-dried leaves of Morus alba, Lagerstroemia speciosa and Thunbergia laurifolia with comparisons to fresh leaves (fresh weight); MD = microwave drying, OD = oven drying, FD = freeze drying; TPC = total phenolic content (mg gallic acid equivalent/100 g), AEAC = ascorbic acid equivalent antioxidant capacity (mg ascorbic acid/100 g), FRP = ferric reducing power (mg gallic acid equivalent/100 g), NA = not available. Values are means ± standard deviation (n = 3). For each column, values followed by the same superscript (a-d) are not statistically different at P < 0.05, as measured by the Tukey's HSD test. Analysis of variance does not apply between species and between drying methods A likely cause for the increase in antioxidant activity following microwave drying was the production of additional phenolic compounds from precursors already present in the samples [13] . Another possible explanation is the rapid inactivation of polyphenol oxidase (PPO) activity in samples due to microwave irradiation [14] . The enzyme is therefore unable to generate oxidation products that would reduce the phenollic content.
Other related studies showed variable effects of microwave drying on the AOP of leaves of herbal plants. Species of Alpinia zerumbet, Curcuma longa, Etlingera elatior and Kaempferia galanga (Zingiberaceae) [12] and Phyllanthus amarus (Euphorbiaceae) [15] showed substantial declines of 27-71% while Vitex negundo (Labiatae) [16] showed little or no change. Research on broccoli showed that antioxidant activity of florets and stems declined gradually when cooked in a domestic microwave oven for 0.5--5.0 min [17] . Similarly, there was significant decrease in antioxidant activity of fresh strawberries when subjected to vacuum-microwave drying [18] .
Oven drying resulted in significant declines in the AOP of leaves of T. laurifolia with loss of 37% in TPC and 25% in AEAC. Leaves of M. alba and L. speciosa showed little or no change with the exception of AEAC of M. alba (significant increase) and TPC of L. speciosa (significant decrease). Related studies similarly reported declines in AOP following oven drying. Leaves of A. zerumbet, C. longa, E. elatior and K. galanga showed drastic declines of 42-81% [12] . Loss of 17-39% was displayed by P. amarus and V. negundo [15, 16] .
Processing methods such as drying are known to have variable effects on AOP of plant samples. Effects include little or no change, significant declines or enhancement in AOP [19] . Food processing can improve the properties of antioxidants or induce the formation of new antioxidant compounds, so that the overall antioxidant activity increases or remains unchanged [20] . There are changes in chemical composition caused by the drying process and the best method of drying enhances AOP or leads to the least alteration in phenolic content and antioxidant activity of the sample.
Increase in antioxidant activity following thermal treatments has been reported in tomato [21] , sweet corn [22] , mushroom [23] and ginseng [24] . A green tea produced by drying young leaves of C. sinensis in a microwave oven showed significantly higher AOP than four brands of commercial green and black tea [25] . Increase in antioxidant activity following thermal treatments has been attributed to the release of bound phenolic compounds due to the breakdown of cellular constituents and the formation of new compounds with enhanced AOP [20] [21] [22] .
Many studies have reported losses in AOP of plant samples following thermal treatments. Losses were mainly reported in vegetables [26] [27] [28] [29] . Losses in AOP of heat-treated samples have been attributed to thermal degradation of phenolic compounds, to degradative enzymes, and to loss of antioxidant enzyme activities [15, 29] . Declines in AOP are often accompanied by the loss of other bioactive properties [28] .
Studies have also showed that thermal treatments had little or no effect on AOP of plant samples. Microwave drying did not modify AOP of selected herbs and spices as most of the differences between treated and non-treated samples were statistically insignificant [30] . RSA of garlic, onion and egg plant was unaffected by microwave cooking [31] .
A drying treatment applied onto a given plant sample could have variable effects on AOP. Depending on the assays used, antioxidant activities may show gains, result in losses or remain unchanged. This was found in tomatoes [32] , purple wheat bran [33] and vegetables [26, 34] . Involving a different process from drying, the effects of cooking on AOP have been much studied. It was reported that the effects on AOP depend on the type of vegetable and not on the type of cooking [35] . However, another related study on 10 types of vegetables and six methods of cooking showed that the type of cooking has strong influence of AOP [31] . Microwave cooking and griddling resulted in the lowest losses in RSA, while boiling and pressure cooking led to the greatest losses. The effects on thermal treatments on AOP of vegetables have recently been reviewed [36] . Phenolic contents and antioxidant activity of fruits and vegetables are known to vary between cultivars and between growing seasons [37, 38] . Invariably, these factors would have an influence on the effects of different drying methods.
Effects of non-thermal drying
Moisture loss, water activity and AOP of freeze--dried leaves with comparisons to fresh leaves are shown in Table 1 . Moisture loss was 63-81% and water activity was 0.03-0.23 for freeze drying. Significant increase in AOP was observed in freeze-dried leaves of M. alba with increments of 14% for TPC, 21% for AEAC and 17% for FRP. AOP of L. speciosa and T. laurifolia showed no change or slight increase. There was significant increase in FRP of L. speciosa and in AEAC of T. laurifolia. Related studies have shown similar AOP enhancement of freeze drying in ginger species of A. zerumbet and E. elatior but not so for C. longa and K. galanga which declined slightly or remained unchanged [12] .
There is no thermal degradation in freeze drying as the process does not allow degradative enzymes to function. Freeze drying is known to have high extraction efficiency because ice crystals formed within the plant matrix can rupture cell structure which allows exit of cellular components and access of solvent, and consequently better extraction [10] . The HPLC chromatogram of leaves of E. elatior showed greater amounts of minor compounds following freeze drying than fresh leaves [12] .
The retention of AOP after freeze drying has often been reported. Freeze-dried yam flours displayed the highest antioxidant activity compared to hot air-and drum-dried flours [39] . Freeze-dried marionberry, strawberry and corn yielded higher TPC than air-dried samples [10] . Freeze-dried leaves of water hyacinth had higher antioxidant activity than sun-and oven-dried leaves [40] . Higher antioxidant values have been reported in freeze-dried than hot air-dried daylily flowers [41] . The effect of AOP enhancement after freeze drying has seldom been reported. Total antioxidant activity of freeze-dried asparagus was 50% higher than fresh samples [42] . Ferrous ion chelating ability gained, but TPC, FRP and RSA remained unchanged for freeze-dried tomatoes [32] .
This study has demonstrated AOP enhancement following freeze drying in M. alba with L. speciosa and T. laurifolia showing no change or slight increase. Findings support the view that freeze drying remains the best method of drying foods as the quality of freeze-dried products is comparable to that of fresh products [43] .
Effects of particle size AOP of ground and shredded leaves of M. alba extracted with 50% methanol are shown in Table 2 . Antioxidant values in terms of TPC, AEAC and FRP of ground microwave-, oven-and freeze-dried leaves were significantly higher than shredded leaves. For the microwave-dried tea, values of ground leaves were 3.1, 6.6 and 3.3 times those of shredded leaves, respectively. For the oven-dried tea, values were 1.6, 1.5 and 1.4 times higher, and for the freeze-dried tea, values were 1.9, 2.4 and 1.9 times higher. Findings on AOP of ground and shredded leaves of M. alba extracted with aqueous methanol support the general consensus that particle size of samples is an important parameter that influences extraction yield,
i.e., smaller particle size would increase the extraction surface and enhance extraction efficiency [44] [45] [46] [47] . Diffusivity of solute to solvent phase increases as the extracted material becomes smaller. Consequently, greater amount of antioxidant active compounds from the finer particles could be gained, resulting in stronger antioxidant capacity of the extract. This has been reported in culinary herbs [44] , ginger [45] , tea [46] and fruits [47] that smaller particle size yielded higher phenolic content and antioxidant activity. However, when AOP of ground and shredded tea infusions of selected species extracted with hot water (100 °C) were compared, variations emerged. Values of AOP of tea infusions from shredded microwave-, oven-and freeze-dried leaves were significantly higher than those of ground tea infusions for M. alba, and vice versa for L. speciosa (Table 3 ). For T. laurifolia, AOP of tea infusions from ground and shredded leaves were comparable.
While ground microwave-, oven-and freezedried M. alba leaves extracted with aqueous methanol had stronger AOP than shredded leaves, this does not apply for tea infusions extracted with hot water. Three categories were recognized i.e. species with shredded leaves yielding stronger AOP (M. alba), species with ground leaves yielding stronger AOP (L. speciosa), and species with ground and shredded leaves yielding comparable AOP (T. laurifolia). Findings in this study suggested that particle size of microwave-, oven-and freeze-dried dried leaves is not Table 2 . Antioxidant properties of ground and shredded leaves of Morus alba extracted with 50% methanol (dry weight); MD = microwave drying, OD = oven drying, FD = freeze drying, G = ground, S = shredded, TPC = total phenolic content (mg gallic acid equivalent/100 g), AEAC = ascorbic acid equivalent antioxidant capacity (mg ascorbic acid/100 g), FRP = ferric reducing power (mg gallic acid equivalent/100 g). Values are means ± standard deviation (n = 3). For each column, values followed by the same superscript (a-b) are not statistically different at P < 0. appears to be a sound method for producing herbal teas. Due to its high operation cost, freeze drying can be applied to produce high-value specialty tea with enhanced AOP.
AOP values of ground microwave-, oven-and freeze-dried leaves of M. alba were significantly higher than shredded leaves, implying that smaller particle size yielded higher phenolic content and antioxidant activity. For tea infusions extracted with hot water, three categories were recognised, i.e., species with shredded leaves yielding stronger AOP (M. alba), species with ground leaves yielding stronger AOP (L. speciosa), and species with ground and shredded leaves yielding comparable AOP (T. laurifolia). Beside particle size, other factors can also influence AOP of tea infusions. Table 3 . Antioxidant properties of ground and shredded tea infusions of Morus alba, Lagerstroemia speciosa and Thunbergia laurifolia extracted with hot water (dry weight); MD = microwave drying, OD = oven drying, FD = freeze drying, G = ground, S = shredded, TPC = total phenolic content (mg gallic acid equivalent/100 g), AEAC = ascorbic acid equivalent antioxidant capacity (mg ascorbic acid/100 g), FRP = ferric reducing power (mg gallic acid equivalent /100 g), NA = not available. Values are means ± standard deviation (n = 3). For each column, values followed by the same superscript (a-b) are not statistically different at P < 0. Ključne reči: antioksidativne osobine; lišće; čaj; metode sušenja; veličina čestice.
